The antimony-telluride (Sb 2 Te 3 ) thermoelectric thin films were prepared on SiO 2 /Si substrates by thermal evaporation method. The substrate temperature that ranged from room temperature to 150 ∘ C was adopted to deposit the Sb 2 Te 3 thin films. The effects of substrate temperature on the microstructures and thermoelectric properties of the Sb 2 Te 3 thin films were investigated. The crystal structure and surface morphology of the Sb 2 Te 3 thin films were characterized by X-ray diffraction analyses and field emission scanning electron microscope observation. The RT-deposited Sb 2 Te 3 thin films showed the amorphous phase. Te and Sb 2 Te 3 phases were coexisted in the Sb 2 Te 3 -based thin films as the substrate temperature was higher than room temperature. The average grain sizes of the Sb 2 Te 3 -based thin films were 39 nm, 45 nm, 62 nm, 84 nm, and 108 nm, as the substrate temperatures were 50 ∘ C, 75 ∘ C, 100 ∘ C, 125 ∘ C, and 150 ∘ C, respectively. The Seebeck coefficients, electrical conductivity, and power factor were measured at room temperature; we had found that they were critically dependent on the substrate temperature.
Introduction
Facing the impact of the energy shortage and global warming problem, much attention to the issues of energy saving and reduction of carbon emission has been paid. The green technology is getting more and more attention, of which thermoelectric (TE) effect is one of the simplest technologies to convert energy by temperature difference and has recently attracted much attention. Thermoelectric materials can directly convert electricity from heat and vice versa. Hence, the application of thermoelectric materials is very promising for power generator and cooler [1, 2] . The energy conversion efficiency of the thermoelectric materials is judged by the figure of merit ZT, ZT = ( 2 / ) , where is defined as absolute temperature and , , and are defined as Seebeck coefficient (Δ /Δ ), electrical conductivity, and thermal conductivity, respectively [3, 4] . For that, the characteristics of TE materials depend on their , , and , and the 2 is defined as the power factor (PF). According to the formula, the enhancement of thermoelectric figure of merit ZT can be obtained by raising the 2 and the decrease of the thermal conductivity. Till now, the bismuth telluride-(Bi-Te-) and antimony-telluride-(Sb-Te-) based compounds are known to be the state-of-the-art thermoelectric materials for the applications near room temperature region. Furthermore, the Bi-Te-and Sb-Te-based thermoelectric materials show the highest figure of merit ZT and can be extensively utilized for the commercially available thermoelectric generators and coolers. For that, the Sb 2 Te 3 alloy was used as the compound to investigate its thermoelectric characteristics.
Currently, the thermoelectric devices are manufactured by sintering blocks of the materials. So far, the thermoelectric materials used in applications have all been in bulk (3D), thin film (2D), and nanowire (1D) forms. However, the figure of merit (ZT) is low for the bulk materials. In order to improve the thermoelectric performance, the lowdimensional thermoelectric materials have been researched. Hicks and Dresselhaus had pointed out that low-dimensional 2 Journal of Nanomaterials materials have better efficiency than bulk ones due to low-dimensional effects on both charge carriers and lattice waves [5] . Through the low-dimensional nanostructure, the thermoelectric materials can increase their density of states of Fermi level and enhance the phonon scattering of the materials [5] . However, it is difficult to miniaturize the thermoelectric devices by sintering blocks. Therefore, various deposition techniques have been proposed to obtain the thermoelectric thin films, such as flash evaporation [6, 7] , ion-beam sputtering [8, 9] , pulse laser deposition (PLD) [10, 11] , sputtering [12, 13] , electrochemical deposition [14, 15] , metal organic chemical vapor deposition (MOCVD) [16, 17] , and molecular beam epitaxy (MBE) [18, 19] . The electrochemical deposition was also a useful method to deposit thermoelectric materials in different morphologies, including thin films and nanowires [20, 21] . However, some processes need long time and expensive facilities to prepare the materials. In this paper, the thermal evaporation method is adopted to prepare Sb 2 Te 3 thin films, because it is an attractive technology and offers some advantages, such as lower fabricating expenses and short processing time. In this work, the influence of substrate temperature on the microstructures and thermoelectric properties of the thermal evaporated thin films on silicon substrates was investigated.
Experimental
The p-type (1 0 0) silicon (Si) substrates were cleaned with standard RCA cleaning processes to remove the native oxide and particles. After that, a 400 nm thermally grown silicon dioxide (SiO 2 ) layer was deposited on the Si substrate by atmospheric pressure chemical vapor deposition (APCVD) method. Then, the thermoelectric thin films were deposited on SiO 2 /Si substrates by the thermal evaporation method. The high-purity (99.99%) Sb 2 Te 3 powder was used as evaporation source and evaporated from a tungsten boat. The size of the powders was in the range of 1 mm-10 mm, which was obtained by smashing the Sb 2 Te 3 ingot. During the deposition process, a 60 A current was applied to the tungsten boat to evaporate the Sb 2 Te 3 powder. The deposition rate of the Sb 2 Te 3 thin films was estimated to be 16Å/s. In this study, the thermoelectric thin films were prepared at the substrate temperature that ranged from room temperature to 150 ∘ C with chamber pressure of about 3.75 × 10 −5 torr. As we know, the substrate temperature is the most important factor to affect the characteristics of the Sb 2 Te 3 thin films, including thickness, crystalline structure, grain size, and pore ratio. For that, the substrate temperature will be the most important factor to affect the electrical characteristics of the Sb 2 Te 3 thin films. As the substrate temperature was higher than 150 ∘ C, the Sb 2 Te 3 thin films were hard to deposit on the Si substrates, for the fact that the substrate temperature was ranged from room temperature to 150 ∘ C. The thickness of the Sb 2 Te 3 thin films was approximately 0.4 m, independent of the substrate temperature.
The surface morphologies, deposition rate, and the thickness of thermoelectric thin films were observed by scanning electron microscopy (FE-SEM, JEOL JSM6700) with an accelerating voltage of 10 kV. The crystalline structures of the thermoelectric thin films were determined by means of Xray diffraction (XRD) (Cu-K , Bruker D8). The diffraction angles (2 ) of thermoelectric Sb 2 Te 3 thin films were revealed by scanning between 20 ∘ and 60 ∘ at the speed of 0.05 ∘ per second. For the investigation of thermoelectric properties, Seebeck coefficient ( ) and electrical conductivity ( ) were measured at the room temperature. The Seebeck coefficient could be obtained by measuring the resulted Seebeck voltage as applying a temperature gradient across the sample, in which, the data was acquired by a Keithley 2700 system. As measured temperature was changed in a small range, for example, approximately 5 ∘ C, the Seebeck coefficient of the device under test (DUT) could be considered as a fixed value. Because the output voltage was not a steady value within the measuring time, the calculated Seebeck coefficient comprising the measured temperature gradient and output voltage could nearly be the constant values. During the measurement process, we used 10 seconds as the measurement time and ten Seebeck coefficient values could be obtained. Then, the average value of the ten data was taken as Seebeck coefficient value. The electrical conductivity of the specimens was measured by a conventional four-point probe method at room temperature. From and , the thermoelectric power factor ( 2 ) was obtained. Figure 1 shows the X-ray diffraction patterns of the standard Sb 2 Te 3 alloy from the JCPD card and the raw Sb 2 Te 3 alloy powder. The XRD diffraction peaks of the raw alloy powder were coincided with those of JCPDS card for Sb 2 Te 3 alloy. This result indicates that the used alloy material for evaporation was single phase Sb 2 Te 3 compound. For the raw Sb 2 Te 3 alloy powder, four major diffraction peaks of 28.24 ∘ , 38.29 ∘ , 42.35 ∘ , and 44.58 ∘ , which are corresponding to (0 1 5), (1 0 10), (1 1 0), and (0 0 15) diffraction planes, were observed in Figure 1 . Meanwhile, the raw Sb 2 Te 3 alloy powder shows a preferred orientation corresponding to the (0 1 5) diffraction plane. Figure 2 shows the X-ray diffraction patterns of the Sb 2 Te 3 thin films deposited at various substrate temperatures. The crystalline properties of the Sb 2 Te 3 thin films are apparently affected by the substrate temperature. The diffraction peaks in Figure 2 show that as the substrate temperature was changed; different alloy compounds were deposited during the evaporation process. As room temperature (RT) was used to deposit thin films, only the amorphous phase was observed. The reason is that the atoms did not have enough energy to proliferate and cluster on the substrate at room temperature. As the substrate temperature was higher than RT, the Te ((1 0 1) and (0 1 2)) and Sb 2 Te 3 ((0 1 5), (1 0 10), (1 1 0), and (0 0 15)) phases were really observed in the XRD patterns. As the substrate temperature was increased from 50 ∘ C to 100 ∘ C, the diffraction intensities of the Te and Sb 2 Te 3 phases increased with substrate temperature, showing that the crystallinity of the thin films was improved. As 125 ∘ C was used as substrate temperature, the diffraction intensity of Te phase critically decreased and (0 1 5) plane of Sb 2 Te 3 phase showed a splitting peak; as 150 ∘ C was used as substrate temperature, the diffraction intensity of (0 1 5) plane of Sb 2 Te 3 phase critically increased and the full width at half maximum (FWHM) value of (0 1 5) plane decreased and a preferred orientation of (0 1 5) existed. The FWHM values of (0 1 5) plane were 0.525 ∘ , 0.512 ∘ , 0.478 ∘ , 0.385 ∘ , and 0.298 ∘ as the substrate temperatures were 50 ∘ C, 75 ∘ C, 100 ∘ C, 125 ∘ C, and 150 ∘ C, respectively. However, as the substrate temperature was higher than 150 ∘ C, the raw Sb 2 Te 3 material was hard to deposit on the SiO 2 /Si substrates. In this study, the optimum Sb 2 Te 3 (0 1 5) plane of thin films was obtained at the substrate temperature of 150 ∘ C. The XRD patterns shown in Figure 2 also suggest that the substrate temperature had large effect on the characteristics of the deposited Sb 2 Te 3 thin films.
Results and Discussion
The SEM top-viewed images of the Sb 2 Te 3 thin films deposited at various substrate temperatures are shown in Figure 3 . As R.T. was used as substrate temperature, a continuous and smooth surface morphology was obtained; the deposited thin films with amorphous phase are the reason to cause this result. The figure also shows that as the substrate temperature was raised, the grain sizes increased with increasing substrate temperature. The average grain sizes were 39 nm, 45 nm, 62 nm, 84 nm, and 108 nm, as the substrate temperature was 50 ∘ C, 75 ∘ C, 100 ∘ C, 125 ∘ C, and 150 ∘ C, respectively. Those results prove that the polycrystalline structure, as XRD patterns in Figure 2 show, was obtained as the substrate temperature was equal to and higher than 50 ∘ C. Figure 4 shows the SEM cross-sectional microstructures of the deposited Sb 2 Te 3 thin films under various substrate temperatures. As the substrate temperature was changed from R.T. to 100 ∘ C, the cross-sections of the deposited Sb 2 Te 3 thin films showed a flat morphology and their thickness was around 400 nm; as the substrate temperature was higher than 100 ∘ C, the thickness was decreased and the size of pores increased with increasing substrate temperature. The increase in the size of pores is caused by the fact that the large grains grow at the expense of small ones, which result in the formation of new and larger voids where the small grains are originally located. As Figure 4 shows, the pores mainly grow in the vertical direction of the Sb 2 Te 3 thin films as higher substrate temperature is used. As we know, the main composition of pores is air, which has very low conductivity. For that, even the electrical conductivity characteristic is mainly determined by the lateral structure of the Sb 2 Te 3 thin films, the decrease in the conductivity of the Sb 2 Te 3 thin films with increasing in the size of pores is expectable. Figure 5 shows the variations of the electrical conductivity with various substrate temperatures. As the substrate temperature increased, the electrical conductivity of the deposited Sb 2 Te 3 thin films first increased, reached a maximum at 100 ∘ C, and then decreased. The lower electrical conductivity of the RT-deposited thin films could be attributed to the poor crystallization, as confirmed by XRD analysis in Figure 2 and SEM surface observation in Figure 3 . The electrical conductivity increased from 2.14 × 10 2 S/cm to 6.81 × 10 2 S/cm as the substrate temperature increased from R.T. to 100 ∘ C. With an increased substrate temperature from 100 ∘ C to 150 ∘ C, the electrical conductivity decreased from 6.81 × 10 2 to 3.11 × 10 2 S/cm. The electrical conductivity of the Sb 2 Te 3 thin films was enhanced as the substrate temperature is higher than RT. The improvement in the crystallization, as proven by XRD analysis in Figure 2 and SEM surface observation in Figure 3 , is believed as the reason. As the substrate temperature is higher than 100 ∘ C, the pores increased with increasing temperature. Also, this is the reason to cause the decrease in conductivity. Figure 6 shows the variation of the Seebeck coefficient with different substrate temperature. The results show that all samples have a positive Seebeck coefficient, which means that the Sb 2 Te 3 thin films are p-type semiconductors. According to the results, the samples deposited at R.T. show a large Seebeck coefficient (∼129.3 V/K). The Seebeck coefficient decreased from 129.3 V/K to 37.3 V/K as the substrate temperature varied from R.T. to 50 ∘ C. After that, the Seebeck coefficient was enhanced as the substrate temperature increased from 50 to 150 ∘ C. The sample deposited at 150 ∘ C exhibited the large Seebeck coefficient of 112.4 V/K. It is well known that the Seebeck coefficient is closely related to the carrier concentration. In the case of p-type semiconductor crystals obeying Boltzmann statistics, the Seebeck coefficient ( ) is given by the following equation [22] :
where is Boltzmann's constant, is the electron charge, is the scattering factor, * is effective mass, ℎ is Planck's constant, is the carrier concentration, and is the carrier mobility, respectively. From (1), the Seebeck coefficient was found to be inversely proportional to the logarithmic scale of the carrier concentration. From (2) the conductivity is proportional to the carrier concentration, which may be caused by decreasing the number of defects. For that, the Seebeck coefficient of the thermoelectric thin films might be enhanced owing to the reduction of the conductivity. The results in Figures 5 and 6 prove that the Seebeck coefficient is inversely proportional to the electrical conductivity. According to the results of Seebeck coefficient and electrical conductivity, the power factor can be calculated. The power factor is a significant thermoelectric parameter, which determines the performance of the thermoelectric converter. Figure 7 shows the power factors obtained for the Sb 2 Te 3 thin films deposited at various substrate temperatures. Figure 7 shows that the power factor first drastically decreased as the substrate temperature increased from R.T. to 50 ∘ C; then it increased as the substrate temperature was further increased from 50 ∘ C to 150 ∘ C. The thermoelectric properties for Sb 2 Te 3 thin films deposited at various substrate temperatures are summarized in Table 1 . Table 1 shows an important result that we can use the cheap evaporation equipment to deposit the Sb 2 Te 3 thin films with high Seebeck coefficient and acceptable power factor. It also shows that the optimized Seebeck coefficient and power factor of the Sb 2 Te 3 p-type thin films were found to be about 112.4 V/K and 3.94 W/cm⋅K 2 at the substrate temperature of 150 ∘ C, respectively.
Conclusion
In this study, a thermal evaporation method was successfully utilized for the deposition of the Sb 2 Te 3 -based thermoelectric thin films from R.T. to 150 ∘ C on SiO 2 /Si substrates with lowcost. We found that as the substrate temperature was higher than 150 ∘ C, the raw Sb 2 Te 3 material was hard to deposit on the SiO 2 /Si substrates. The electrical conductivity increased from 2.14 × 10 2 S/cm to 6.81 × 10 2 S/cm as the substrate 6 Journal of Nanomaterials temperature increased from R.T. to 100 ∘ C. With an increased substrate temperature from 100 ∘ C to 150 ∘ C, the electrical conductivity decreased from 6.81 × 10 2 to 3.11 × 10 2 S/cm. The Seebeck coefficient decreased from 129.3 V/K to 37.3 V/K as the substrate temperature varied from R.T. to 50 ∘ C. After that, the Seebeck coefficient was enhanced as the substrate temperature increased from 50 to 150 ∘ C. As the substrate temperature increased to 150 ∘ C, the Seebeck coefficient and power factor of p-type Sb 2 Te 3 -based thin films were found to be about 112.4 V/K and 3.94 W/cm⋅K 2 , respectively.
